A theoretical study of the nucleation, size, and structure of diamond phase carbon clusters on Si͑111͒ substrates is presented. Molecular mechanics analysis has been utilized to predict energetically and entropically feasible pathways for nucleation of the carbon clusters. Several mechanistic pathways for nucleation of carbon clusters are examined with CH 3 and/or C 2 H 2 as the nucleation precursors. A possible model for the nucleation mechanism of diamond-phase carbon clusters on the ␤-SiC͑111͒ surface, which forms epitaxially on Si͑111͒ substrates, is presented. The critical size of the carbon clusters is computed based on the atomistic theory of nucleation and the proposed nucleation mechanisms.
INTRODUCTION
The synthesis of thin diamond films using a variety of chemical vapor deposition ͑CVD͒ methods has received significant attention in recent years, primarily because the unique properties of diamond make it an attractive candidate for a wide range of applications, such as semiconductor devices, cutting and grinding tools, and windows for visible and infrared transmission. 1 Nucleation and growth processes of diamond films have become subjects of intensive study in an effort to enhance diamond nucleation and control film morphology during the CVD processes. [2] [3] [4] [5] [6] [7] In most chemical vapor deposition methods, diamond nucleation on non-diamond surfaces without pretreatment is usually difficult and slow. One of the more commonly used techniques for enhancing the nucleation of diamond is by scratching the substrate surface with either hard abrasives or a paste of fine diamond particles. 1 Diamond nucleation on non-diamond substrates occurs most often on an intermediate layer of materials such as metal carbides, graphite, amorphous, or diamond-like carbon ͑DLC͒ formed at the substrate surface due to chemical interactions between activated gas species and the substrate during the incubation period. [8] [9] [10] [11] It has been shown that, in the early stages of the growth of diamond by microwave plasma CVD ͑MPCVD͒ and hot filament CVD ͑HFCVD͒, [12] [13] [14] [15] an intermediate carbide layer is formed on silicon substrates. For example, Kobayashi et al. 16 have reported that a 2 nm thick intermediate amorphous layer on a silicon substrate was observed for films grown via an electron-assisted CVD method. Joffreau et al. 17 performed a systematic study of diamond growth on refractory metals ͑all carbide formers͒ and observed that diamond nucleation occurred only after the formation of a thin carbide layer. Other non-carbide carbonaceous nucleation promoters like graphite 18 and DLC 19 have been postulated to exist as well during the early stages of diamond CVD. Diamond-like carbon is a non-crystalline, hard, carbonaceous film whose atom number density is significantly greater than other amorphous carbon and hydrocarbon solids of the same elemental composition, but always less than that of diamond.
Stoner et al. 20 concluded that carbide formation may only play an intermediate or secondary role in diamond nucleation and that there exists an intermediate nucleation step between the carbide formation and actual diamond nucleation. They observed excess carbon on the surface of ␤-SiC and hypothesized that the surface carbon contributed significantly to the nucleation of diamond and that the ␤-SiC layer acts as a temporary, but critical, host on which the carbon can accumulate until clusters of the appropriate size and structure required for diamond nucleation develop. A separate study by McGinnis et al., 21 which examined the role of carbon in nucleation, indicates that a specific configuration of carbon on the substrate appears to be responsible for heterogeneous nucleation of diamond. They suggest two possibilities for this configuration: ͑1͒ a carbon form, such as DLC, similar enough to diamond for nucleation to occur, or ͑2͒ an actual diamond-phase cluster. It has been postulated by Badziag et al. 22 that the critical carbon configuration consists of small diamond-phase clusters, since the formation of very small carbon clusters which are hydrogen terminated may be more thermodynamically stable under deposition conditions as diamond rather than as graphite or DLC. This suggestion is consistent with the observations by George et al. 23 of a small cluster-like precursor layer seen by atomic force microscopy ͑AFM͒ imaging, which showed the heterogeneous nucleation of ordered diamond crystallites. No information about the size or structure of the diamond crystallites was stated in the work by George et al. To date, the information about the size, structure, and chemistry of diamond clusters or nuclei is primarily speculative.
Silicon is a common substrate material for diamond deposition. 1 Heteroepitaxial nucleation of diamond on silicon wafers may take place through the formation of the intermediate ␤-SiC epitaxial conversion layer on the surface of silicon due to the crystallographic registry across the interface. 24, 25 Epitaxial nucleation of diamond on Si͑100͒ wafers has been demonstrated to occur via the formation of an epitaxial ␤-SiC conversion layer that formed during the in situ carburization step. 26 The ␤-SiC͑111͒ layer is known to form as an intermediate layer on the Si͑111͒ substrate due to the epitaxial relationship between silicon and ␤-SiC. In the a͒ Present address: Concurrent Technologies Corp., Johnstown, PA 15904 b͒ Electronic mail: dandy@engr.colostate.edu present work, several mechanisms for the nucleation of diamond-phase carbon clusters on ␤-SiC͑111͒ are examined. The ␤-SiC͑111͒ surface is assumed to be hydrogenated and therefore, in an unreconstructed state. The critical size and structure of the diamond phase carbon clusters formed on ␤-SiC is computed based on the proposed nucleation mechanism. The diamond-phase carbon clusters become thermodynamically stable after they reach a specific size, referred to as the critical cluster size ͑CCS͒, and this quantity is predicted using atomistic nucleation theory. The etch-resistant, stable diamond-phase clusters may subsequently serve as nucleation centers or seeds for the growth of continuous diamond films by providing necessary sites for diamond nucleation.
In this work, energetically and entropically favorable pathways leading to the nucleation of diamond-phase carbon clusters are predicted using molecular mechanics. Subsequently, the critical cluster size of the carbon clusters is calculated based on the feasible nucleation mechanisms of carbon clusters. The theoretical method employed in the current calculations is presented below.
THEORETICAL METHOD
The ␤-SiC͑111͒ surface is assumed to be hydrogenated and therefore unreconstructed during typical diamond CVD conditions due to the presence of excess atomic hydrogen. To analyze the stability of clusters on ␤-SiC͑111͒, the molecular mechanics method developed by Allinger and coworkers, MM3, 27 has been applied to examine the hydrogenated surface of ␤-SiC. Periodic boundary conditions are incorporated into the computational algorithm, permitting calculations comparable in size to modest-sized clusters but without complications from edge effects. The 1992 version of the force field, MM3͑92͒, 28, 29 with parameters for saturated, unsaturated, conjugated hydrocarbons, and silicon atoms is accurate to within ϳϮ0.1 Å in bond length, Ϯ1°in bond angle between atoms other than hydrogen, and Ϯ4°in torsional angles. Calculated heats of formation for a wide variety of hydrocarbon compounds are consistently within chemical accuracy, that is, Ϯ1 kcal/mol. The force field is successful in modeling not only small, simple molecules, but also large molecules and some highly strained molecules. 28 The MM3 force field for molecules may be summarized as
such that the total energy E is assumed to be the linear combination of different atom interaction energies: E s the bond stretching energy, E the angle bending energy, E the torsional energy, E s the stretch-bend energy, E s the torsion stretch energy, E Ј the bend coupling energy, E vdw the van der Waals interaction energy between two atoms which are bonded neither to each other nor to a common atom, and E dpl the dipole interaction energy. In Eq. ͑1͒, the summations extend over all the bonds, bond angles, torsion angles, and non-bonded interactions between atoms not bound to each other or to a common atom. The specific equations and associated parameters used to calculate each energy term can be found in the literature. 27, 28 Heats of formation are calculated using 27, 29 ⌬H f ϭ⌬H bond ϩ⌬H struct ϩ⌬H steric ϩ⌬H thermo , ͑2͒
where ⌬H bond is the sum of the bond energy contributions, ⌬H struct is the sum of structural energy contributions for functional groups such as methyl groups or five-membered rings, ⌬H steric is the steric energy resulting from Eq. ͑1͒ after minimization, and ⌬H thermo is the partition function contribution. For hydrocarbons and silicon, ⌬H thermo is 2.4 kcal/mol ͑to account for translation, rotation, and a correction for constant volume͒, and for alkanes in particular, an extra torsional correction of 0.4 kcal/mol is added for each bond about which there is a rotational barrier of less than 7 kcal/mol. Because the surface species considered here have neither translational nor rotational degrees of freedom, ⌬H thermo is not considered. The slab chosen for the hydrogenated ␤-SiC͑111͒ is 4 layers thick and consists of 5ϫ5 unit cells, with a total of 99 carbon atoms, 99 silicon atoms, and 126 hydrogen atoms. In order to ensure that the computed results were not dependent on the size of the slab, calculations have been carried out for two of the molecules, using a larger slab, 7 layers thick consisting of 8ϫ8 unit cells, with a total of 447 carbon atoms, 447 silicon atoms, and 350 hydrogen atoms. The predicted thermodynamic properties for the larger structures were within 0.4% of those predicted for the smaller slab.
The formation of carbon clusters are assumed to occur through the combination of methyl radicals, acetylene molecules, and hydrogen atoms because these are typically the major species contributing to diamond nucleation and growth in diamond CVD processes. 31, 32 In the calculations, methyl radicals are assumed to preferentially chemisorb on the silicon atoms. The results of a study by Ohshita 33 indicate that the chemisorption energy of a CH 2 radical on a silicon atom is greater than that on a carbon atom during the ␤-SiC vapor phase epitaxial growth under conditions very similar to that existing during diamond CVD.
To model the characteristics of a solid slab, the bottom layer of substrate atoms are fixed in position during the calculations, preventing expansion or contraction of the unit cell in all directions. The Cartesian coordinates of the carbon and silicon atoms are defined with respect to their ideal positions in the bulk, as determined by simple geometry using ␤-SiC lattice constant of 4.35 Å. 30 A full Newton-Raphson energy minimization is done for each calculation. The eigenvalues of the Hessian matrix are checked to ensure that a true energy minimum is reached, rather than an intermediate transition state.
By calculating the heats of reaction and Gibbs energy of reaction between methyl radicals, acetylene molecules, atomic hydrogen and various surface complexes, a sequence of energetically and entropically feasible reactions leading to the nucleation of diamond-phase carbon clusters are proposed. It has been reported that C 2 H 2 and CH 3 are the dominant growth species during diamond CVD. 34, 35 Several mechanistic paths have been examined, including ͑i͒ the for-mation of clusters from CH 3 radicals alone, and ͑ii͒ the formation of clusters with C 2 H 2 and CH 3 as nucleation precursors. The heats of reaction, ⌬H T , and the Gibbs energy of reaction, ⌬G T , are calculated for each elementary reaction at three different temperatures, Tϭ298 K, 1000 K, and 1200 K. The heat of reaction is only weakly temperature dependent, although the free energy change of reaction does depend strongly on temperature. Because typical gas-phase temperatures above substrate surface during diamond CVD are approximately 1200 K, for reference, the values of ⌬H 1200 and ⌬G 1200 are given alongside each reaction in the Figs. ͑1͒-͑3͒ and Tables I and II .
RESULTS AND DISCUSSION
Several mechanistic paths for nucleation of carbon clusters are examined in this section. The heats of reaction, ⌬H T , and the Gibbs energy of reaction, ⌬G T , for each elementary reaction in each path for nucleation of diamondphase carbon cluster is calculated utilizing MM3.
The heat of reaction for the gas-phase reaction
is computed from the heat of formation of CH 4 , CH 3 , H 2 , and H. 36 Although the heat of reaction ͑3͒ is positive, this reaction will occur due to the abundance of H atoms during diamond CVD. The binding energy of a H atom on a Si͑111͒ surface is 69.293 kcal/mol of H atoms. 37 Therefore, the removal of a H atom from a Si surface atom may be represented by the reaction:
where Si• is a surface radical site. The heat of formation of two H atoms is known to be 104.2 kcal/mol:
Using the heats of reaction of ͑4͒ and ͑5͒, the heat of formation of silicon radicals can be computed.
CH 3 MECHANISM
There are three principal routes for the nucleation of a propane-like kernel ͑a term first used by Frenklach et al. 39, 40 ͒ using CH 3 alone as the nucleation precursor. The propanelike kernel is the seed for the growth of a new diamond phase carbon cluster. The first route for a methyl based ion-free reaction pathway leading to the nucleation of a propane-like kernel is described by the six step reaction sequence in Table  I . In reactions ͑I.1-I.6͒ in Table I , the calculated heat of reaction, ⌬H 1200 , and Gibbs energy of reaction, ⌬G 1200 are listed with each reaction. The reactions listed in Table I are illustrated in Fig. 1 .
In the reaction sequence listed in Table I , the hydrogenated ␤-SiC surface is activated by the H abstraction ͑reac-tion I.1͒ forming a surface radical, Si•͑s͒, to which a free methyl radical is added ͑reaction I.2͒. The surface complex formed in this manner, SiCH 3 ͑s͒, is activated by H abstraction ͑reaction I.3͒, and another free methyl radical is added ͑reaction I.4͒. The surface complex, SiCH 2 CH 3 ͑s͒, forms a product surface complex, SiCH 2 CH 2 Si͑s͒, through the abstraction of a hydrogen atom from the terminal carbon atom ͑reaction I.5͒ and formation of C-Si bond between the created radical and a neighboring surface silicon site, SiH͑s͒ ͑reaction I.6͒. The above reaction sequence is illustrated in Fig. 1 . Reaction ͑I.6͒ is not feasible because it has a positive ⌬H although ⌬G is negative and hence, is not a likely route for nucleation of diamond clusters. The free energy of reaction ͑I.1͒ is likely to be negative since the free energy change of a corresponding reaction for the abstraction of a H atom from a hydrogenated diamond surface by a hydrogen atom is very negative. [39] [40] [41] Similarly, the abstraction of a H atom from a hydrogenated silicon site by a gas-phase H atom is likely to be negative because the free energy of a H atom is strongly positive. Such activation reactions are known to proceed spontaneously. The free energy of reaction ͑I.2͒ is likely to be negative because it is a radical-radical reaction and such reactions are known to be spontaneous. The second possible route for a methyl-based reaction sequence forming the surface complex SiCH 2 CH 2 Si(s) is listed in Table II . This reaction sequence is similar to ͑I.1͒-͑I.6͒ because it also proceeds through H abstractions followed by the CH 3 addition. However, instead of progressing via sequential surface complexes built at the same surface silicon site, it requires the formation of two separate CH 3 adducts at adjacent surface silicon sites ͑II.1͒-͑II.2͒ and ͑II.3͒-͑II.4͒, as shown in Fig. 2 . Once the two adducts form, following a H abstraction, reaction ͑II.5͒, a C-C bond is formed between the two CH 3 admolecules thereby transforming the surface complex into the product surface complex SiCH 2 CH 2 Si͑s͒ ͑reaction II.6͒. The enthalpy and free energy changes for reaction ͑II.6͒ are both positive, indicating that this reaction is not a preferred path for the nucleation of the diamond phase clusters.
The third route for a methyl-based reaction sequence involves the creation of the surface complex SiCH 2 CH 2 Si͑s͒ through the diradical species SiCH 3 ͑s͒ϩH⇔SiCH 2 •͑s͒ϩH 2 ⌬H 1200 ϭϪ20.6 kcal/mol, ͑6͒
followed by a radical-radical surface addition reaction:
This route is illustrated in Fig. 3 . Values for ⌬H 1200 and ⌬G 1200 are listed with each reaction in Fig. 3 . The results indicate that reaction ͑7͒ has a negative heat of reaction and a negative free energy change of reaction, as expected for a radical-radical reaction. Therefore, the surface complex, SiCH 2 CH 2 Si͑s͒, could in principle be formed by reaction ͑7͒. ⌬H 1200 ϭϪ83.9 kcal/mol, ͑11͒ ⌬G 1200 ϭϪ42.7 kcal/mol. The Gibbs energy change of ͑10͒ is positive, which indicates that the rate of the reverse reaction is faster than the forward reaction. Hence, reactions ͑8͒ and ͑9͒ are predicted to be more favorable than reactions ͑10͒ and ͑11͒.
Once the product structure, SiCH 2 CH 3 ͑s͒, is formed by reaction ͑9͒, a propane-like kernel can be formed by the following reactions: Fig. 3 . Thus, the third nucleation route via path 1 or path 2 ͑see Fig. 3͒ involving the radical-radical surface addition reaction is a very likely mechanism for the nucleation of a diamondphase carbon cluster. Counteracting the favorable energetics and entropy is the requirement for high selectivity of the gaseous species' attacks on the surface sites, i.e., selective additions of methyl radicals to selectively created adjacent surface radical sites ͑if CH 3 is supplied by the gas phase͒, or selective migration of CH 3 radicals to adjacent surface radical sites ͑if CH 3 is available by surface diffusion after adsorption on the surface͒ followed by selective abstractions of hydrogen atoms from the formed CH 3 admolecules. Huang et al., 41 using the results from a kinetic study, 42 have estimated that the rate of attack of gaseous species on a neighboring surface site should be lowered by roughly one order of magnitude due to steric selectivity. The low overall rate of nucleation of the diamond phase cluster, due to the steric selectivity of the probable nucleation mechanism suggested above, may explain the large incubation period observed during the early stages of nucleation of diamond films. 1 The results presented above for nucleation of a propanelike kernel using CH 3 as the precursor species, are qualitatively similar to the computed results predicted for diamond͑111͒ homoepitaxial growth by Huang et al. 41 The heat of reaction ͑I.1͒ is indicative of the CH 3 chemisorption energy on silicon surface and appears reasonable compared to the CH 2 adsorption energy calculated by Ohshita 33 on a silicon atom.
C 2 H 2 AND CH 3 MECHANISM
Acetylene has been identified as a stable product in a diamond CVD environment, and it has been shown that C 2 H 2 and CH 3 are the most likely species available for the extension of the diamond lattice. 34, 35 Because C 2 H 2 is a potential stable growth species in diamond CVD, the nucleation of diamond-phase clusters, using both C 2 H 2 and CH 3 as the nucleation precursors, is examined in this work. Three different nucleation sequence routes have been investigated in this work using different combinations of the CH 3 and C 2 H 2 addition, plus hydrogen abstraction and termination. The first two of these routes are based on a growth mechanism proposed by Frenklach et al. 39, 40 for diamond growth on a step fragment on the ͑111͒ plane of a diamond surface, using acetylene as the main monomer growth species. The first nucleation route was not plausible due to the positive free energy changes and positive heats of key reactions while the second nucleation sequence was found to be thermodynamically unfavorable due to positive free energy changes for key reactions; the results found here for this general growth mechanism are consistent with those from a previous investigation. 43 The third route for the nucleation of diamond phase clusters using C 2 H 2 and CH 3 forms new segments of the diamond structure in the same row, rather than in adjacent rows as considered in the first two sequences. As with the second sequence, ⌬G was found to be positive for key reactions involving C 2 H 2 addition, once again indicating that other nucleation routes may be favored. Although all reactions considered in the second and third nucleation sequences are exothermic, a large negative entropy change in C 2 H 2 addition reactions may prevent the nucleation mechanisms by C 2 H 2 and CH 3 from occurring. However, the nucleation route using CH 3 alone as the nucleation precursor is energetically and entropically feasible. Therefore, it may be concluded that the nucleation mechanism using CH 3 as the precursor will be favored over the nucleation mechanism using C 2 H 2 and CH 3 as the combined precursors.
CRITICAL CLUSTER SIZE
The critical cluster size ͑CCS͒, n 0 , is defined as a measure of thermodynamic stability such that clusters with fewer than n 0 atoms will dissociate, whereas clusters with more than n 0 atoms are stable. There are two approaches to analyze nucleation, classical, and atomistic ͑non-classical͒. In the atomistic approach to nucleation theory, the critical size is defined using the concepts of statistical mechanics, whereas in the classical approach bulk material parameters are used to describe the clusters. Since deposition from the gas phase occurs under high supersaturation, small critical clusters are expected to form during the heterogeneous nucleation of diamond by CVD. It has been pointed out in the literature that the predictions of the classical theory are far less reliable for heterogeneous than for homogeneous nucleation. 44 A microscopic description, in which no assumptions are made regarding the shape or size of the clusters, is therefore preferable for theoretical predictions regarding nucleation on surfaces. In this work, the CCS for a Si͑111͒ substrate, is evaluated based on the nucleation mechanisms for the diamond-phase clusters proposed before in this work. An important assumption is that the desorption of entire clusters is not considered in this work when computing the critical cluster size.
The Gibbs energy of formation of a cluster of n atoms is defined in the atomistic approach as 45 
G n ϭnkT
where E n is the binding energy of a cluster of n atoms and E a is the single atom adsorption energy, k is Boltzmann's constant, T s is the substrate temperature, 0 is the frequency of attempts before an adatom can leave the surface, and J ͑monolayers s
Ϫ1
͒ is the rate of impingement of CH 3 radicals from the gas phase to the substrate. The first term in Eq. ͑15͒ is derived from the volume energy of the cluster, whereas the second term is derived from the surface energy of the cluster. From the kinetic theory of gases, the rate of impingement of CH 3 radicals, J, can be derived as
assuming that the molecules of the gas have a Boltzmann velocity distribution. 46 In Eq. ͑16͒, J is in cm Ϫ2 s
, N A is Avogadro's number, P HC is the partial pressure of the hydrocarbon species above the substrate surface in Torr, M is the molecular weight of the gas species in g mol
, R is the gas constant, and T g is the temperature in K of the gas mixture adjacent to the substrate surface.
In the present calculations, the deposition conditions typical of a direct current arcjet plasma assisted CVD system are used, as summarized in Table III . In this calculation, the value 0 ϭ8.55ϫ10 13 s Ϫ1 is used. It has been reported elsewhere that typical values of 0 for a solid surface are in the range of 10 13 , 45 so the value used here is considered reasonable. When the data are substituted into the first term of Eq. ͑15͒, the result is
The surface energy contribution to G n is computed using the heat of reaction for each of the elementary reactions constituting the CH 3 nucleation mechanisms. In this approach, the analysis of the clusters' stability is done not only from an energetic standpoint but also on entropic grounds because energetically and entropically favorable paths are only considered for the formation of the clusters. In order to calculate the surface energy, the cluster is assumed to be built by CH 3 radicals alone, as described in path 1 and path 2 as shown in Fig. 3 , since paths 1 and 2 in Fig. 3 are the only energetically and entropically favorable pathways among the paths studied in this work leading to the nucleation of hydrogenated carbon clusters. In the following, the surface energy and therefore, the CCS is computed, for the two different paths of the proposed nucleation mechanism in Fig. 3 . 
CH 3 : NUCLEATION PRECURSOR
It is clear that the number of possible cluster structures increases with the number of CH 3 radicals incorporated into the cluster. For illustrative purposes, two different paths of cluster formation using CH 3 are investigated. The two cases ͑case I and case II͒ represent different sites of CH 3 adsorption, leading to different cluster structure. In case I, the adatoms are adsorbed on sites in adjacent silicon atom rows of the ␤-SiC͑111͒ surface whereas, in case II, the CH 3 radicals are adsorbed on silicon atom sites in the same row.
Clusters of n carbon atoms with nϾ3, for cases I and II are shown in Figs. 4 and 5, respectively. Clusters with nр3 are presented in Fig. 3 . The cluster is in the shape of a puckered monolayer disk. This shape of clusters has been suggested based on theoretical work 49 and subsequently observed by a number of investigators experimentally. 50 The elementary steps required to form the clusters of different sizes are not shown in Figs. 4 and 5 but are instead represented in the reactions shown in Table IV . The heat of reaction ͑in kcal/mol͒ at 1200 K is listed in the table with each reaction. The Gibbs energy change of each reaction has been calculated and is negative for all reactions in each sequence. The surface energy term, E n ϩnE a , for each cluster is listed with the final reaction for that cluster ͑identified by S n ͒ representing the formation of the cluster of size n. The reactions are identified as follows: [EL n j ] is the jth elementary reaction during the formation of cluster of size n, [EH n ] is the heat of reaction for the formation of hydrogen atoms, ͓ET n ] is the sum of the elementary reactions to form n sized cluster, that is,
and [S n ] is the sum of ͓ET n ] and ͓EH n ]. The quantity [S n ] represents the sum of the binding energy and the adsorption energy of carbon clusters of size n on the substrate. Case I: While Fig. 3 depicts the formation of clusters up to three carbon atoms, clusters containing more than three carbon atoms are shown in Fig. 4 . A cluster of one carbon atom is shown in Fig. 3͑a͒ , two carbon atoms in Fig. 3͑b͒ , and three carbon atoms shown in Fig. 3͑c͒ . Clusters in Figs. 4͑e͒ and 4͑f͒ are not predicted to form because they are not energetically and entropically feasible. The elementary reactions leading to the formation of clusters illustrated in Figs. 4͑a͒-4͑d͒ are listed in Table IV . Path 1 in Fig. 3 which forms a propane-like kernel is represented by the elementary reactions shown in Table IV . Path 2 is not represented in terms of elementary reactions in a separate table because it has already been listed in the text. Moreover, path 2 is already illustrated in Fig. 3 . It is to be noted that the propane-like kernel can form by the two different paths, path 1 and path 2, but clusters containing more than three atoms follow the same path as listed in Table IV . While calculating the Gibbs energies for the propane-like kernel by path 2, the ⌬H for each elementary reaction listed in Fig. 3 is utilized.
Case II: Clusters containing more than three carbon atoms are shown in Fig. 5 . A cluster of one carbon atom is shown in Fig. 3͑a͒ , two atoms in Fig. 3͑b͒ , and three carbon atoms in Fig. 3͑c͒ . The elementary reactions required to form clusters of more than three atoms are listed in V. The elementary steps required to form clusters of up to three carbon atoms by path 1 are the same as reported for case I, hence they are not listed in Table V . The elementary reactions for the formation of the propane-like kernel by path 2 are not listed separately in a table for the same reasons stated in case I.
RESULTS OF CRITICAL CLUSTER SIZE CALCULATIONS
Case I results: The Gibbs energy of formation of clusters up to seven carbon atoms calculated using Eq. ͑17͒ are given in Table VI for path 1 and path 2 for case I. The Gibbs energy of formation of clusters consisting of more than five carbon atoms is negative for both path 1 and path 2, which means that such clusters are stable and do not dissociate. Therefore, the CCS for the cluster formation shown in Fig. 4 is 5.
Case II results: The Gibbs energy of formation of clusters ͑shown in Fig. 5͒ of size up to 10 carbon atoms is given in Table VI for case II for both paths 1 and 2. The CCS in this case is eight carbon atoms because the Gibbs energy of clusters of size greater than 8 is negative, indicating that the clusters containing more than eight carbon atoms are stable.
Therefore, the CCS calculated is either five or eight depending on the type of site at which the CH 3 precursor ad- sorbs. It is important to note that the desorption of the entire cluster has not been considered in this work. Had the desorption of the cluster been considered, the CCS would undoubtedly have been more than that predicted in this work. The computed critical nucleus size agrees well with the experimental data and theoretical results reported in the literature. 51, 52 The CCS computed here is smaller than the computer simulation results, 53, 54 simply because desorption of the entire cluster has not been considered in this work. These etch resistant and stable nanometer scale diamond crystallites could serve as nucleation seeds by providing high surface free energy sites for diamond nucleation.
SUMMARY
A possible model for the nucleation mechanism of diamond phase carbon clusters on the ␤-SiC͑111͒ surface, which forms epitaxially on Si͑111͒ substrates, is presented. Several mechanistic pathways are examined, including ͑1͒ the formation of clusters from CH 3 radicals alone, and ͑2͒ the formation of clusters with C 2 H 2 and CH 3 as nucleation precursors. A molecular mechanics approach is utilized to predict an entropically and energetically favorable pathway for diamond nucleation. A CH 3 based nucleation route involving radical-radical surface reactions is proposed as a favorable route for nucleation of diamond phase carbon clusters. The proposed nucleation mechanism using CH 3 radicals is both energetically and entropically feasible. This mechanism may explain the incubation period observed during the early stages of nucleation and growth of diamond due to the steric selectivity inherent to the mechanism, thereby lowering the nucleation rate. A large negative entropy change in elementary reactions in the proposed C 2 H 2 and CH 3 mechanisms prevents the nucleation of diamond-phase carbon clusters. The critical cluster size for diamond-phase clusters is computed based on the atomistic theory of nucleation. The critical cluster size is calculated based on the proposed and feasible nucleation mechanism using CH 3 alone as the nucleation precursor. The CCS is computed to be in the nanometer scale. However, the CCS calculated in this work is based on the assumption that entire clusters do not desorb from the substrates resulting in the prediction of smaller critical clusters in this work as compared to the CCS prediction by others when the desorption of entire clusters had been considered. Clusters greater than CCS are stable because of their negative free energy of formation. It is proposed that these diamond nanocrystallites may serve as nucleation centers or seeds for diamond nucleation. It may be speculated from the oscillatory behavior of G n vs n, that clusters of size n such that G n Ͻ0, G nϪ1 Ͼ0, and G nϩ1 Ͼ0, could be trapped in the diamond matrix because it would be unfavorable for such clusters to either grow or dissociate due to the positive free energy of formation of clusters of size nϩ1 and nϪ1, respectively. 
